Though plans to eliminate malaria from the island of Hispaniola have recently received much attention, arbovirus surveillance continues to be largely neglected in Haiti. To support surveillance efforts and encourage vectorcontrol strategies, a cross-sectional study of dengue virus (DENV) and West Nile virus (WNV) transmission was conducted using standard seroepidemiological methods. Blood samples (N = 673) were collected from 278 males and 395 females from three locations in the Ouest and Sud-Est Departments of Haiti. Serum was separated and tested for the presence of anti-DENV and anti-WNV immunoglobulin G (IgG) antibodies using an indirect enzyme-linked immunosorbent assay (ELISA). Anti-DENV IgG antibodies were detected in 72.1% (95% confidence interval [CI] = 68.7, 75.5) of the sample population; with no significant differences in seroprevalence by study location, participant gender, or age group (P > 0.1, in all tests). Anti-WNV IgG antibodies were detected in only 1% (95% CI = 0.3, 1.8) of the sample population, all which originated from participants located in Gressier. The high prevalence of anti-DENV IgG antibodies among all age groups, including those in the youngest age group (2-5 years of age), suggests hyperendemic transmission of DENV in the Ouest and Sud-Est Departments of Haiti. In contrast, the relative absence of anti-WNV IgG antibodies, even among older population members, further supports the notion that WNV transmission in this population is largely absent. These findings highlight the large burden of disease from DENV and the need for enhanced arbovirus surveillance and implementation of vector control strategies throughout Haiti.
INTRODUCTION
Together with Plasmodium falciparum malaria, infections from dengue virus (DENV) and West Nile virus (WNV) remain the three most commonly diagnosed mosquito-borne illnesses in the United States. In these patients, recent travel to endemic tropical countries such as Haiti is commonly identified as the source of infection. 1 DENV, a positive-sense, single-stranded RNA virus of the genus Flavivirus, is transmitted to humans primarily by Aedes aegypti and Aedes albopictus mosquitoes. 2, 3 Previous exposure to one of four serotypes of DENV (1) (2) (3) (4) can provide lifelong immunity, however, infection from one serotype does not provide crossimmunity for future infections by other serotypes. 4 To the contrary, subsequent infections can result in more severe presentation of the disease, including dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS), which can be fatal. 5 WNV, also a member of the genus Flavivirus, is a zoonotic arbovirus that is maintained through a mosquito-avian host cycle with Culex mosquito species responsible for the majority of transmission to humans. 6 In contrast to DENV, outbreaks of WNV are often self-limiting, with humans acting as dead-end hosts for the virus, where the potential for epidemics is directly influenced by a combination of the density of mosquito vectors and the presence of avian reservoirs. 7 Previous studies have identified the presence of DENV antibodies in native Haitians; however, most recent studies have focused on active infections and/or seroconversion in nongovernment organization workers or missionaries to Haiti; thus, the disease burden of DENV in the native population remains to be adequately characterized. [8] [9] [10] Furthermore, even though cases of WNV have been reported in Haiti and WNV has been detected in birds and mosquitos from the Dominican Republic, no active surveillance for WNV has taken place for over a decade. [11] [12] [13] Given the frequent reports of undifferentiated febrile illness, abundance of both Aedes and Culex mosquito vectors, and absence of a national arbovirus surveillance system, a cross-sectional seroepidemiological survey was conducted. [14] [15] [16] [17] By screening an indigenous sample population ranging in age from 2 to 80 years for anti-DENV and anti-WNV immunoglobulin G (IgG), this study was able to further characterize trends in the DENV transmission and for the first time, investigate the population seroprevalence of antibodies toward WNV in Haiti.
MATERIALS AND METHODS
Ethical approval and sample collection. Ethical approval to conduct this research was obtained from the Haitianbased Ethical Review Committee, the University of Florida Institutional Review Board, and the Office of Research Protections, United States Army Medical Research and Materials Command. Between February and May 2013, asymptomatic (nonfebrile) participants were enrolled from two schools, a rural community, and a clinic in the Ouest and Sud-Est Departments of Haiti. A map of the enrollment locations and demographic information by enrollment site are presented in Figure 1 and Table 1 . Healthy children were enrolled from the Christianville School in Gressier and from the Hossana Baptist School in Jacmel. In the rural *Address correspondence to Bernard A. Okech, Emerging Pathogens Institute, University of Florida, 2055 Mowry Road, Gainesville, FL 32611. E-mail: bokech@ufl.edu village of Chabin, participants were enrolled from community members seeking general health services at a mobile clinic. Patients and healthy family members from the Portail Léogâne Clinic in Jacmel were enrolled on a voluntary basis. After informed consent, approximately 3 mL of blood was drawn by venipuncture, collected in 8.5-mL serum separator tubes (No. 367988, BD Vaccutainer ® , Becton, Dickinson, and Co., Franklin Lakes, NJ), and immediately separated by centrifugation. Aliquots of serum were frozen at −80°C and stored in the University of Florida Field Laboratory in Gressier until shipment to the Emerging Pathogens Institute in Gainesville, FL. A total of 673 serum samples that included 278 males and 395 females aged between 2 and 80 years were available for serological analyses.
Enzyme-linked immunosorbent assay (ELISA) protocol. Serum samples were screened for the presence of anti-DENV and anti-WNV antibodies using a standardized IgG ELISA protocol. 18 Suckling mouse brain (smb), sucrose-acetone-extracted antigen preparations for WNV (strain NY385-99) and DENV (Dengue 1 Hawaii) viruses were obtained from the World Reference Center for Emerging Viruses and Arboviruses collection at the University of Texas Medical Branch. 19 Lyophilized DENV and WNV antigens were provided along with the corresponding mouse immune ascites fluid and normal mouse brain antigen for positive and negative controls, respectively. Viral antigens were reconstituted with ultra-pure water, diluted in 50 mM bicarbonate buffer, coated on 96-well ELISA plates at a final concentration of 5 μg/mL, and allowed to incubate overnight at 4°C. After incubation, the plates were washed four times in 0.05% phosphate-buffered saline (PBS)-T and then blocked overnight at 4°C to avoid nonspecific binding. All serum samples were inactivated at 56°C for 15 minutes, diluted 1:100 in 5% nonfat skim milk-PBS before the addition of 100 μL aliquots in duplicate to each plate, and allowed to incubate for 2 hours at room temperature. After an additional wash, FIGURE 1. Map of enrollment sites in the Ouest and Sud-Est Departments of Haiti. Serum was isolated from blood samples collected from nonfebrile study participants in the Ouest and Sud-Est Departments of Haiti (beige, inset map). Enrollment sites (purple dots) were located in the communes of Gressier and Jacmel (gray); consisting of a school in Gressier, a hospital and school in Jacmel, and a mobile clinic in the rural community of Chabin. The sample size (n) and demographics of the study participants are listed by study enrollment site.
horseradish peroxidase conjugated rabbit antihuman IgG secondary antibody was diluted 1:500 in 5% NFSM-PBS and added to the plates. For chromatographic development, plates were washed a final time before the addition of 100 μL of 3,3′,5,5′-tetratmethylbenzidine substrate to each well, developed in the dark for 30 minutes at room temperature, and stopped with 100 μL of sulfuric acid (2 N). The absorbance values for each sample were measured at 450 nm and averaged to obtain a single absorbance value for each sample.
Classification of seropositive and seronegative samples. The absorbance threshold of a seropositive sample was determined using the population distributions of the ELISA results and validated using the absorbance values of the positive and negative controls. The mean (b μ) absorbance and sample standard deviations (b σ) were estimated by fitting normal distributions to histograms of the ELISA results. A threshold value of three-sample standard deviations from the seronegative population mean (b μ þ 3b σ) was selected to provide a conservative estimate of the seropositive population that excluded 99.7% of seronegative population members. The observed absorbance values, estimated seronegative and seropositive population distributions, and absorbance thresholds for seropositive samples are presented for DENV and WNV in Figure 2 . For DENV, a bimodal distribution was observed with a large peak around 0.42 absorbance units (Au) and a minor peak around 0.21 Au, which represented the seropositive and seronegative populations, respectively. The mean of the suspected seronegative population members was 0.21 Au with a standard deviation of 0.035, giving a seropositive sample threshold of 0.315 Au for the DENV ELISA. For the WNV ELISA, a uniform distribution was observed with a sample mean of 0.42 Au and a sample standard deviation of 0.07, giving a threshold absorbance value for a positive sample of 0.630 Au. The threshold absorbance values obtained from the population distributions were in agreement with the absorbance values from both the positive and negative controls. Statistical comparisons and seroconversion model. After classification of seropositive and seronegative participants, the ELISA results were matched to demographic information from the study participants including the geographic origin of the sample, age in years, and gender. Age groups were generated from the participants to include large enough samples for statistical comparisons and descriptive statistics. Simple logistic regression models were used to determine the association between DENV or WNV seroprevalence and geographic location, age in years, or gender using STATA v12 (StataCorp © , College Station, TX). Given the long duration of IgG antibodies, the annual seroconversion rate (SCR) for DENV was estimated using a reverse catalytic model without seroreversion as previously described. 20 Age-specific seroprevalence rates were derived from population members under 5 years (mean age = 3.41 years) and by individual year for participants between the ages of 6 and 20 years. The agespecific seroprevalence was used to estimate the probability of being seropositive at age (a) by the function P(a) = [1− exp (−λ × a)]. The sample population SCR (λ) was generated using maximum-likelihood estimation with the "optim" function in R version 3.1.0 (www.R-project.org) and multiplied by 100 to express the SCR as a percentage of participants that seroconverted in 1 year as previously described. 21 The standard error for the SCR was also generated and used to calculate 95% confidence intervals (CIs). Since the seroprevalence in the population saturated before reaching 100% seroprevalence and never exceeded 85%, the function P(a) was multiplied by 0.8 prior to maximum likelihood estimation to avoid overestimation of the seroconversion rate.
RESULTS
IgG antibodies toward DENV were detected in 485 out of 673 participants, giving a population seroprevalence of 72.1% (95% CI = 68.7, 75.5). IgG antibodies toward WNV were detected in only seven out of 673 participants, giving a population seroprevalence of 1.0% (95% CI = 0.3, 1.8). The sample size, number of positive samples, and seroprevalence to anti-DENV and anti-WNV IgG antibodies listed by geographic location, age group, and gender in Table 2 ; with point estimates and 95% CIs presented in Figure 3 . Compared with female participants, the seroprevalence of IgG antibodies in males was not significantly different for either DENV (odds ratio [OR] = 0.83; P = 0.27) or WNV (OR = 1.1; P = 0.93). For DENV, the seroprevalence of IgG antibodies was not significantly different by geographic location (P = 0.96); however, all seven samples with anti-WNV IgG antibodies were collected from Gressier. The seroprevalence of anti-DENV IgG antibodies in different age groups was highest in those between 10 and 14 years (82.4%; 95% CI = 77.0, 88.0) and lowest in those over 50 years (57.9%; 95% CI = 33.4, 82.3), however, was not significantly different by age group (P = 0.3). Likewise, the seroprevalence of anti-WNV IgG antibodies was not significantly different by age group (P = 0.9), with half of the age groups having no seropositive samples. All of the 95% CIs for the seroprevalence of WNV by age group included zero (Figure 3) . Given the high seroprevalence of anti-DENV IgG antibodies in participants under 20 years of age, a reverse catalytic model was used to estimate to annual SCR in this population. The age-specific seroprevalence of anti-DENV IgG antibodies for participants less than 5 years of age (mean age 3.41 years) and the ages of 6-20, and the model fit are presented in Figure 4 . From the model, the estimated annual SCR for DENV was 34.4% (λ = 0.344; 95% CI = 0.212, 0.477). Since only seven individuals were classified as seropositive for WNV and the seroprevalence of anti-WENV IgG antibodies in different age groups was not significantly different from zero, a seroconversion model was not considered for WNV.
DISCUSSION
The observation that over 70% of the sample population had evidence of previous exposure to DENV, even in The seroprevalence of anti-DENV antibodies is presented with 95% confidence intervals (CIs) (blue circles) for participants between the ages of 2 and 5 years (average 3.4), individually between the ages of 5 and 19 years, and for those 20 years and above. The fit of the seroconversion model (black dotted line) appears with 95% CIs (gray shaded region) for the predicted population seroprevalence at each age. children less than 5 years of age, indicated high rates of DENV transmission in the recent past. These findings complement other surveys conducted in nearby Leogane, where 100% of middle-aged adults (mean age 33) had serological markers of DENV exposure, as well as in Port-au-Prince, where, by 3 years of age, 65% of the study participants were seropositive, with all four DENV serotypes identified. 8, 22 In 2001, Halstead and others found that 85% of the population had antibodies to two or more DENV serotypes estimated an annual SCR of 30%; which is nearly identical to the seroprevalence and SCR estimated by the current study. 10 Though the SCR suggests hyperendemic transmission of DENV, it was notable that the seroprevalence saturated around 80-85% and never approached 100%. Whether this observation is due to differences in susceptibility of a proportion of the population, differences in the transmission of DENV in over the past several decades, the potential for seroreversion, or modification of the concentration of circulating DENV antibodies from infections by multiple serotypes was unable to be determined.
To our knowledge, this study represents the only serosurvey for WNV, which has been conducted in Haiti, or on the island of Hispaniola for that matter. Using sensitive serological methods in a population ranging in age from 20 to 80 years, the presence of anti-WNV IgG antibodies was identified in only 1% of samples (7/673). The low seroprevalence of WNV found by this study could be the result of multiple environmental factors. Since WNV needs an intermediate host, with the large majority of hosts suspected to be various species of birds, the rampant deforestation present in Haiti could contribute to a lower density of migrating passerine birds, thus limiting the potential introductions of WNV from avian hosts. [23] [24] [25] This does not completely rule out the potential for viral reservoirs in Haiti, especially considering that WNV antibodies have been identified in migratory birds from the neighboring country of the Dominican Republic, and outside of the typical passerine hosts, there are 29 species of birds endemic to Haiti. 12, 26 However, given that there have only been two cases of WNV ever reported in Haiti, we conclude that the transmission of WNV in Haiti is rather unlikely.
Besides the contrast in the transmission of DENV and WENV in Haiti, another unique aspect of the current study is that this population was also previously screened for IgG antibodies to P. falciparum, allowing for a comparison between these three mosquito-borne illnesses in the Ouest and Sud-Est Departments of Haiti. Compared with the 20-30% seroprevalence of IgG antibodies toward P. falciparum antigens previously identified in this study population, over 70% of the population was seropositive for anti-DENV IgG antibodies and only 1% for anti-WENV IgG antibodies. 27 Similarly, the SCR for P. falciparum was between 2% and 5%, which is far less than the estimated 20-40% SCR for DENV identified in the current study. This not only suggests that the transmission of DENV is much higher than that of P. falciparum malaria, but could explain many of the cases of undiagnosed febrile illness reported from clinics in Gressier and elsewhere in Haiti. 15, 28 
LIMITATIONS
One of the primary limitations of this study was that the serum samples originated from a convenience sample that consisted of school-, clinic-, and community-based enrollment sites, which limited our ability to infer how this sample population represents Haiti as a whole. Though the ELISA protocol was validated with the appropriate controls obtained from a standardized reference collection, only a single strain of DENV (serotype 1) was used and plaque reduction and neutralization assays were not conducted to determine the serotype-specific seroprevalence to DENV (1) (2) (3) (4) . Finally, since a population absorbance threshold approach was used to define participants as seropositive or seronegative for WNV, the seven WNV positives could have resulted from cross-reactivity with DENV antibodies in those participants. These limitations aside, we believe this study provides valuable insights into the transmission of arboviruses in the Ouest Department of Haiti.
CONCLUSION
This study adds to the body of literature that suggests ongoing, hyperendemic levels of DENV in Haiti, while also documenting the relative absence of WNV transmission in the same sample population. Although the transmission rate of DENV among the indigenous population is high, visitors to Haiti are unlikely to have acquired immunity and are at the greatest risk for contracting dengue, DSS, and DHF. Since an effective DENV vaccine is still in development, wide-scale vector control strategies may be the most appropriate tool to mitigate burden of illness caused by dengue fever, while also reducing the transmission of other mosquito-borne illnesses currently circulating in Haiti.
